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Featured Application: This review introduces some energy-saving technologies of wastewater
treatment. This work can provide some help for those who are engaged in energy conversation
and energy efficiency research of wastewater treatment.

Abstract: High energy consumption is an important issue affecting the operation and development
of wastewater treatment plants (WWTPs). This paper seeks energy-saving opportunities from
three aspects: energy application, process optimization, and performance evaluation. Moreover,
effective energy-saving can be achieved from the perspective of energy supply and recovery by
using green energy technologies, including wastewater and sludge energy recovery technologies.
System optimization and control is used to reduce unnecessary energy consumption in operation.
Reasonable indexes and methods can help researchers evaluate the application value of energy-saving
technology. Some demonstration WWTPs even can achieve energy self-sufficiency by using these
energy conservation technologies. Besides, this paper introduces the challenges faced by the
wastewater treatment industry and some emerging energy-saving technologies. The work can give
engineers some suggestions about reducing energy consumption from comprehensive perspectives.

Keywords: wastewater treatment; green energy; energy conservation

1. Introduction

1.1. Wastewater Treatment Plant

The growth of the population and the development of economy make water pollution more
common than ever before. Nearly 80% of the world’s population is facing serious water security
threats, and the world will face a 40% water deficit by 2030 [1,2]. To deal with the challenge of water
pollution, the European Union promulgated the Water Framework Directive to provide some guidance
in water basin management and water quality restoration [3]. However, the instruction can only
provide guidance, and sewage still needs to be treated to achieve water quality recovery. In order to
protect the living environment of human beings, it is necessary to purify the wastewater and remove
the pollutants in the wastewater.

According to the different treatment objectives, wastewater treatment processes can be divided
into three levels to select the appropriate treatment methods. The primary treatment uses physical
methods like screening, interception, and gravity separation to remove suspended solids (SS), fat, and
grease in wastewater [4]. The removal rate of biochemical oxygen demand (BOD) is only 30-40% and
SS is 50-60% in primary treatment [5-7]. Secondary treatment, the main body of wastewater treatment,
uses biological treatment and some chemical treatment methods to remove degradable organic matter
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and some colloidal pollutants from wastewater [8]. The activated sludge method is a biochemical
combination method, which is the most widely used method for secondary treatment of wastewater [9].
Tertiary treatment is used to remove pollutants that cannot be removed by secondary treatment such
as P, N, and biodegradable organic pollutants.

WWTPs enrich pollutants into sludge, which contains many organic substances and pathogens
while purifying wastewater. Sludge treatment is a process of sludge stabilization, reduction, and
harmless treatment, including sludge drying, aerobic, anaerobic digestion, and adding chemical agents.
Sludge disposal is the process of reasonable storage and resource utilization [6]. Sludge disposal
mainly includes sludge landfill, land use, composting and thermochemical treatment technology.
Common wastewater and sludge (WW&S) treatment processes are shown in Figure 1.
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Figure 1. Flow chart of common wastewater and sludge (WW&S) treatments.
1.2. Current Energy Consumption of WWTPs

Due to stricter effluent limits and rapid population growth, high energy consumption becomes
serious and cannot be ignored [10]. The energy consumption cost accounts for 20-40% of the
operation costs, and electrical consumption accounts for 60-90% of the total energy consumption
in WWTPs [11-14]. For this reason, the energy consumption of WWTPs is generally described by
electrical consumption. The electricity consumption of WWTPs in Europe is about 27 TWh/year,
according to Eurostat’s assessment in 2015 [15,16]. It is estimated that 3-4% of the electricity used in the
United States is for municipal wastewater treatment, equivalent to 56 TWh/year [17]. The proportion
of China’s energy consumption associated with WWTPs is about 0.25% [18,19]. In some European
countries, such as Sweden, Germany, and Spain, the consumption of WWTPs account for 0.7-1% of
national energy consumption [18-20]. To solve the problem, EU amends Directives 2009/125/EC and
2010/30/EU, with a view to promoting energy efficiency within the EU and establishing concrete actions
to achieve the expected energy savings [21].

Wastewater treatment is an energy-intensive industry that is bedeviled with high energy
consumption [22]. Most WWTPs can reduce energy input by 30% or more by adopting energy-saving
measures and adjusting the treatment process [23]. Therefore, it is valuable to study the energy-saving
technologies of wastewater treatment.

1.2.1. Energy Intensity and Benchmark

Researchers use benchmarks and energy intensity (EI) to evaluate WWTP energy efficiency, which
is an important prerequisite for energy consumption research [24]. Benchmark methods include data
envelopment analysis, energy analysis, and pollutant removal efficiency analysis [25]. Compared with
the benchmark, EI is simple and easy. A commonly used EI is the energy consumption per unit of
pollutant removal, which can be subdivided into energy consumption of population equivalents,
chemical oxygen demand (COD) removal, SS removal and total nitrogen (TN) removal, etc. [14,26].
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However, the single type of pollutant removal is not comprehensive enough for power consumption
evaluation [27].

The energy consumption per unit volume of wastewater treated, widely used in China,
which ignores the difference in wastewater quality [28]. Using the EI to analyze the average energy
consumption of wastewater treatment in different countries can find some problems. The average
energy consumption of urban WWTPs in the United States is 0.20 kWh/m?, while the consumption
of Chinese is 0.27 kWh/m?, the consumption of Japanese is 0.26 kWh/m?3, the consumption of United
Kingdom is 0.62 kWh/m3 [29-31]. The difference in energy density in these countries is caused by
many influencing factors.

1.2.2. Influencing Factors

The relationship between influencing factors and the energy consumption is also significant.
Many studies show that the scale, treatment processes, effluent discharge standards, and wastewater
quality can affect energy consumption [28,32]. Therefore, it is not advisable to study the energy
consumption of wastewater treatment alone, and it is more practical to compare the energy consumption
of wastewater treatment process horizontally [33].

Jiang et al. made statistics on the factors affecting energy consumption. He found that process,
scale, and water quality were the key factors affecting energy consumption [34]. The influence of
effluent quality on energy consumption is intuitive and easy to understand. Energy consumption
is positively correlated with effluent water quality standards [28]. The unit energy consumption of
WWTPs with the same process and scale increases with the improvement of effluent quality, which is
consistent with conclusion of Han [34]. Some researchers hold the opinion that the expansion of
the WWTP scale helps to reduce unit energy consumption [35,36]. However, Han et al. found
that unit energy consumption would have a reverse increase if scale exceeded the boundary [28].
Han et al. attributed it to the friction between the wastewater and the pipeline when the wastewater
was transported. There is no doubt that treatment processes have a great effect on energy consumption.
A typical WWTP, where aerobic activated sludge treatment and anaerobic sludge digestion technology
is applied, consumes 0.6 kWh/m? electrical energy for wastewater treatment [37]. Wastewater treatment
using lagoons, trickling filters, activated sludge and advanced wastewater treatment requires 0.09-0.29,
0.18-0.42, 0.33-0.60, and 0.31-0.40 kWh/m3, respectively [38]. The energy consumption of WWTPs
under different factors (locations, processes) is shown in Table 1. Different countries and treatment
methods will have a great impact on energy consumption.

Table 1. Energy consumption of wastewater treatment in different countries and processes.

Countries Processes Consumption/Wastewater (kWh/m?) Reference
SBR 0.22711 [34]
China Activated sludge 0.24408 [34]
Oxidation ditch 0.26254 [34]
Oxidation ditch 0.44-2.07 [39]

Japan .

Activated sludge 0.3-1.89 [39]
Australi Oxidation ditch 0.5-1.0 [40]
ustratia Activated sludge 0.46 [40]
USA Activated sludge 0.33-0.60 [40]

Similarly, the aging factor, climate, function, location, and other influencing factors were taken into
consideration by researchers [41,42]. However, these factors are less influential. Yan et al. investigated
energy consumption of WWTPs in different regions of China and found that there were significant
differences among different regions [28]. They believe that this result is due to the difference in climate,
treatment process, effluent standard, scale, and other related factors. Location is not a direct factor in
energy consumption.
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1.2.3. The Distribution of Energy Consumption in WWTPs

In order to find opportunities to save energy, it is necessary to find out where the power is
consumed. WWTPs usually have primary, secondary and advanced treatment stages. Compared with
other stages, energy consumption in the primary treatment stage is lower [18]. The consumption of
secondary treatment depends on the method used, which is shown in Table 1. Advanced treatment
requires much energy consumption to remove nutrients.

The energy of WWTPs which use activated sludge is mainly consumed in the three processes,
the oxygen supply and aeration (50-60%), the treatment and disposal of sludge (10-25%), and the
secondary sedimentation (15%) [43]. Auxiliary buildings and the lighting of factories also consume
small amounts of electricity. The energy consumption of aeration and wastewater upgrade accounts
for the vast majority of WWTPs, which is also the key point of energy performance optimization for
WWTDPs. Generally speaking, most of the energy of wastewater treatment is spent on the treatment of
some major pollutants, especially the stabilization and harmlessness of organic matter.

1.3. Structure of the Review

The problem of high energy consumption in WWTPs has attracted much attention. The purpose
of writing this review is to find opportunities for energy-saving and consumption reduction from the
perspective of external energy use, internal energy recovery, system optimization, and performance
evaluation. It is a relatively complete system from the perspective of energy. To make the article clearer,
the main contents of each section are listed:

e Section 1: The present situation of energy consumption in WWTPs is introduced to find
energy-saving opportunities.

e  Section 2: The applications of green energy (solar energy, wind energy, wastewater, and sludge
energy recovery) is an important energy-saving technology in WWTPs. This section introduces
specific technologies and applications.

e  Section 3: As a significant component of energy-saving technologies, optimization and control of
the wastewater treatment system (control algorithm, measurement, and implementation, model,
decision-making) are introduced.

e  Section4: Indexes and methods are helpful to evaluate the performance of WWTPs and energy-saving
technologies. The selection of indexes and methods needs comprehensive consideration.

e Section 5: Some challenges in the industry and some emerging technologies (Internet of
things, pretreatment, energy self-sufficiency) which will bring new solutions to the high energy
consumption are discussed.

e  Section 6: A brief summary of the review is given.

2. Green Energy Utilized in WWTPs

In order to solve the problem of high energy consumption, the application of green energy to
WWTPs is a direct and effective treatment scheme. Green energy includes not only external energy
such as solar energy and wind energy but also energy recovered from wastewater and sludge. The
application of green energy is an important means for WWTPs to reduce energy consumption [44—47].

2.1. Solar Energy and Photovoltaic (PV) Energy

Solar energy refers to the solar radiation that reaches the earth in the form of the electromagnetic
waveform. As an important energy green resource, solar energy is abundant, renewable, clean, safe
and easy to access. Solar energy is one of the most widely used green energy sources in WWTPs [48].
The form of solar energy used in WWTPs is shown in Table 2.
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Table 2. Applications of solar energy in wastewater treatment plants (WWTPs).

Progresses Types Technologies Reference
Electricity generation Light utilization PV power generation [49,50]
Physical treatment Ultraviolet disinfection [49]
Wastewater treatment Biological treatment Solar artificial wetlands [51]
Chemical treatment AQPS; Reverse osmosis [52,53]

Solar PV power generation is a method of converting light energy into electric energy through
semiconductor materials. With the improvement of solar energy conversion efficiency and the reduction
of the cost of solar panels, PV is becoming more and more widespread used. Many WWTDPs use PV to
supply electricity to the treatment plant because their aeration tanks and other places have a huge
available space for PV equipment. A 100-kW photovoltaic system was installed on the roof of the
Kiheung Respia WWTP in Korea, which was estimated to produce a maximum of 155 MW h/year [44].
However, short lifespan and high construction costs of PV equipment limit the development of PV
in WWTPs.

Solar energy disinfection mainly uses ultraviolet rays in sunlight to kill bacteria in wastewater [49].
It is noteworthy that PV power generation mainly uses visible light, so some WWTPs directly combine
PV power generation with ultraviolet disinfection [51]. In solar artificial wetlands powered by
PV or solar heat, wastewater is discharged into the wetland for physical and biological treatment.
Although the technology is simple and its cost (investment and operation) is low, it cannot deal with
much wastewater. Advanced oxidation processes (AOPs) are chemical reactions that oxidize pollutants
are removed via oxidation by highly reactive radicals [54]. It can degrade natural toxins, emerging
pollutants, pesticides, and other harmful pollutants efficiently. The application of solar energy in AOPs
mainly includes solar Fenton and photocatalytic oxidation. Munoz et al. assessed AOPs and found
that AOPs mainly depend on the consumption of electric energy. They found that the use of solar
energy can reduce environmental impacts by 90% [55]. Pretreatment technology, especially preheating,
has attracted much attention in water treatment. Pretreatment can be used for wastewater treatment
technologies like anaerobic digestion and reverse osmosis [56,57]. Solar heating can be used as a part
of pretreatment, which can save energy that should be consumed in the original process.

2.2. Wind Energy

Wind energy, a significant part of green energy, is kinetic energy produced by air flow under solar
radiation. Wind energy is widely distributed and abundant in reserves. It is especially important for
islands and areas that are far away from the main power grid. For the poor stability and randomness
of wind energy itself, it is difficult to use it alone for the power supply of WWTPs. To make up for the
shortcomings of wind energy and solar power generation, wind power is mainly combined with solar
energy in WWTPs under the current technical conditions, which can realize wind-solar complementary
power generation to supply energy to WWTPs [58,59]. This technology has been widely used in the
field of wind energy utilization [60,61].

2.3. Energy Recovery of WN&S

WW&S contains a lot of energy and resources, which should be used reasonably. Nutrients (N
and P) and energy (C) are feasible components of recycling [62]. This review introduces the energy
recovery technology of WW&S from three aspects: heat energy, biomass, and its derivative energy,
chemical energy. Heat energy mainly comes from waste heat of wastewater. Chemical energy comes
from heat energy released by chemical reaction or reaction products, which can be used to generate
electricity. Biomass energy needs biomass as the carrier of reaction. Microalgae can store solar energy
and carbon (form wastewater) while absorbing nutrients, which allows it to store a large amount of
biomass energy.
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Table 3 shows some available energy and utilization ways in WW&S. Most of the recovered
energy is used in many processes of WWTPs, which makes energy self-sufficiency possible [45,46].
For example, biogas can be used to maintain the system temperature at 35 °C or 55 °C, which is
conducive to medium-temperature digestion or high-temperature digestion [63,64].

Table 3. Some available energy and utilization ways in WW&S.

Energy in WW&S Technologies Applications Reference
Heat energy Wastewater source heat pump Sludge drying, Heating [65]
Biomass energy M1croalgael\(/:llilcl;c‘glx;ei,a{Afrl;zfrccétﬁlcdlgestlon, Fuel production, Power generation [58,66,67]

Chemical energy Thermochemistry Fuel production, Power generation [68]

2.3.1. Heat Energy and Wastewater Source Heat Pump

It was estimated that 350 TWh of energy was lost annually through building water discharge
with a notable potential for heat recovery [69]. Wastewater source heat pump (WWSHP) technology
is the main way to utilize heat energy in addition to solar energy in wastewater treatment. It can
supply cooling and heating to the outside through the refrigerant state cycle inside the unit [70].
The application of WWSHP is currently used in WWTPs, such as sludge drying, reactor heating and so
on [71]. Figure 2 is a common structure chart of WWSHP.
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~ - Heat pump

O
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Sewage

Figure 2. Common structure chart of the wastewater source heat pump (WWSHP).

WWSHP mainly uses urban wastewater as the cold and heat source for energy extraction and
storage. Wastewater temperature is 3-5 °C higher than that of groundwater when heating, and
10-15 °C lower than that of air when cooling. The coefficient of performance values of the reviewed
studies ranges from 1.77 to 10.63 for heating and 2.23 to 5.35 for cooling based on the experimental
and simulated values [72]. In addition to energy-saving and economic benefits, WWSHP also has
environmental benefits. Recovering heat energy from wastewater can reduce the utilization of coal
and other energy sources, which can reduce the generation of pollutants such as NOy, SOy and dust.

Although it has various advantages, WWSHP also has some problems to be solved. Firstly,
wastewater will pollute heat exchangers. Scaling and corrosion will damage the equipment and
decrease the coefficient of performance of the system. Secondly, most of the WWTPs and WWSHP
stations are far away from the city which makes the heat pump system far away from the users,
increasing the energy consumption for transportation. However, with the development of monitoring
technology and control technology, WWSHP has a bright future.
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2.3.2. Biomass and Its Derivative Energy

Biomass energy is a kind of clean and safe energy with abundant reserves. It comes from biomass
that stores solar energy as chemical energy. Biomass is expected to contribute to half of the EU
renewable energy targets according to the Renewable Energy Directive, while a large amount of
biomass energy comes from WW&S [73,74]. The application technology of biomass and its derived
energy in WWTPs mainly includes the following aspects: cultivation of microalgae in wastewater,
production of biogas by anaerobic digestion (AD) and microbial fuel cell technology (MFC).

The wastewater treatment with microalgae has recently attracted more and more attention for
its energy conservation, low cost, effective nutrient removal ability, fixing CO;, ability, and its good
economic benefits. Cultivation of microalgae has low requirements for water quality, and it absorbs
nutrients (N, P) and the organic carbon source during the growth process. Feng et al. used ordinary
chlorella to simulate the removal of N from the secondary treatment effluent. After 2 days, the N removal
rate reached 90%, and the P removal rate was 94% [75]. The microalgae also have economic benefits and
are widely used in fertilizer, feed, and other agricultural fields. The bio-oil produced by hydrothermal
liquefaction of microalgae has also attracted extensive attention. Two demonstration-scale algae-based
facilities of the USA are expected to produce 5 million gallons of fuel per year [76].

AD, the most popular sludge stabilization technology, is carried out under the conditions of an
anaerobic environment. The process transforms sludge organic solids to biogas, which is a mixture
of CHy, CO,, and traces of other gases at medium temperature (30-36 °C) or high temperature
(50-55 °C) [62,77]. Biogas contains 50-70% CH4 and 30-50% CO,, traces of other gases (such as Hj,
H,S, and Ny) [47]. The calorific value of the biogas produced by AD is about 21-25 MJ/m?3 [6,78].
This biogas can be utilized as a source of energy in the production of electricity. The total installed
capacity of the EU’s biogas plants in 2010 exceeded 6.1 GW, of which 9.9% came from WW&S [79].
The study of Gollet et al. shows that biogas slurry contains nutrients necessary for the growth of
microalgae, which is suitable for microalgae cultivation [80]. It can solve the problem of the treatment
of biogas slurry produced by AD effectively. Data from Spanish WWTPs show that AD can recover
52% of the energy in sludge through biogas [81].

The microbial fuel cell (MFC) is a novel wastewater treatment technology that uses microorganisms
as biocatalysts to oxidize organic matter and transfer electrons from substrate oxidation to the anodic
surface for bioelectricity production [82]. Mixed bacteria can be used to biodegrade organic wastes into
CO,, HyO, and generate electricity at the same time. Zhang et al. applied MFCs to a municipal WWTP
and tracked it for a long time, finding it removed 65-70% COD at 11 h and reduced about 50% SS [83].
Dentel et al. investigated the possibility of the application of an MFC in sludge treatment and achieved
a maximum voltage of 517 mV through anaerobically digested [84]. Due to the low voltage generated
by MFC, there is still a long way to go for the large-scale application of MFC power generation.

2.3.3. Thermochemical Treatment and Organic Fuel Production

WW&S contains enormous amounts of chemical energy. Traditional sludge compost and
landfill will not only cause secondary pollution but also waste a lot of energy [85]. Research about
measuring the chemical energy of municipal wastewater shows that chemical energy in municipal
wastewater can reach 26.4 kJ/g COD [86]. These chemical energies can be utilized by thermochemical
treatment. According to the environment of the redox reaction, the common thermochemical treatment
technologies of sludge can be divided into three categories: aerobic (incineration, wet air oxidation),
anoxic (gasification) and anaerobic (liquefaction, pyrolysis) treatment [87]. A comparison of several
thermochemical reactions is shown in Table 4.



Appl. Sci. 2019, 9, 4501 80f25

Table 4. Comparison of several thermochemical reactions.

Processes Reaction Conditions Main Products Main Pollutions Reference
Incineration Ae;?)l;;(cﬂigofsfﬁ,ere \ g&?lﬁle,as\gfzse?slls [62,87]
Wet air oxidation OXida(;[.is?z'Ol Zl\il:izo G Bio-gas \ [88]
Gosiaton Mol g WSSO
Mvetaction P0H00°CARMPa e PO et wasewater (01,92}
P Aeimepher BeshwBool - Bbes

Sludge is mainly composed of organic matter with the calorific value, so it can be incinerated with
auxiliary fuel to reduce the number of bacteria and oxidize toxic pollutants. The calorific value of dry
sewage sludge is about 12-20 MJ/kg, equivalent to that of lignite (11.7-15.8 MJ/kg) [78,93]. The process
of incineration can be used for thermal power generation, and the ash can be used as building materials
or adsorption materials. Some WWTPs with sludge incineration facilities are expected to generate
2.0 MW of electricity, which can provide 20% of their energy needs [62]. Sludge incineration has been
widely used for power generation in Portland [87]. However, sludge incineration tail gas will also
bring secondary pollution.

Wet air oxidation is useful for the treatment of hazardous, toxic, and nonbiodegradable waste
streams [88]. It is a liquid-phase reaction between organic material in H,O and O,, which does not
produce NOy, SO, dioxins, furans, and fly ash [94]. Under these conditions, organic compounds are
mainly oxidized into CO,, HyO, and simple biodegradable substances. However, wet air oxidation has
many shortcomings, such as corrosion, odor problems and high energy consumption [62,95]. More than
400 wet air oxidation plants are operating around the word to treat wastewater from petrochemical,
chemical and pharmaceutical industries and residual sludge from biological treatment plants [96].

Compared with pyrolysis, gasification requires the participation of water and oxygen. The dry
sludge is decomposed into bio-gas and bio-char in reducing atmosphere. Data from the Mannheim
demonstration plant shows that CO, Hp and CHy4 account for 13.8%, 13.3% and 4.2% of gasification gas,
respectively. The calorific value of gasification gas is 4.7 MJ/m?, which is close to the result of other
research (about 4 MJ/m?) [93,97]. Gasification can generate high-quality fuel gas, but it is limited by
high energy consumption [89].

Gollakota et al. summarized the literature pertained to hydrothermal liquefaction of biomass
and found that the bio-oil produced by hydrothermal liquefaction has a high calorific value of
2040 MJ/kg [91]. Hydrothermal liquefaction can break down cell structures, as well as destroy
metastable systems and change their sedimentation equilibrium in sludge. Compared with the
traditional method of using dry sludge, using wet sludge can reduce energy consumption by 30% [98,99].
However, the quality of the oil produced by this technology is not high and the waste hydrothermal
liquefaction wastewater also needs to be treated.

The research of Font et al. shows that the proportion of gas, liquid, and solid in sludge pyrolysis
products is 10.7-26.6%, 23.5-40.7%, and 46.1-60.3% [100]. The main components of pyrolysis gas are
H,, CHy, CO, CO;,, Ny, etc. Pyrolysis conditions, such as heating rate and final pyrolysis temperature,
affected the composition of pyrolysis products [101]. The average calorific value of pyrolysis gas
is about 12-13 MJ/m?® and the maximum calorific value can reach 25 MJ/m? in Inguanzo et al.’s
research [101]. Bio-oil is mainly composed of C, H, N, S, and O, where C is about 70%, H is about 9%.
It has a high calorific value and can be used as fuel or raw material for chemical industry production.
Bio-char can be used to make adsorbents, catalysts, or industrial materials. Bio-Char also has a calorific
value, which is about 5 M]/kg [93].
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Compared with incineration and gasification, pyrolysis seems to be the best choice of
thermochemical treatment. Pyrolysis has been used as an alternative technology for incineration and is
expected to become the main technology in WWTPs in recent years because it has less pollution and
higher economic benefits. However, there are some problems in pyrolysis technology, such as high
energy consumption of pyrolysis and low fuel quality.

3. Wastewater Treatment System Optimization and Control

Wastewater treatment construction, management, operation, and control can be boiled down
as a complete system. Putting energy conservation technologies in energy and recovery aside,
such as green energy utilization in Section 2, there are many energy conservation opportunities
in the whole system. This section introduces some technologies of energy conservation and cost
reduction from the perspective of system optimization. The purpose of system optimization is to
improve the monitoring and automatic level of WWTPs, reducing energy consumption and operating
costs. Process, measurement, decision-making, and implementation are four components of system
optimization [102]. Wastewater treatment processes are non-linear, and its parameters are interrelated,
so control, monitoring, and model are very meaningful to reduce energy consumption [103].

3.1. Process Control

There are many factors that affect the control effect, such as the accuracy of data acquisition,
data transmission speed, reference model, execution components and so on. These factors are mostly
limited by equipment and models and will be studied in Sections 3.2 and 3.3. This section mainly
discusses the specific control algorithms and technologies that can realize energy conservation in
wastewater treatment. Compared with measurement and implementation, process control with
modifying algorithms can reduce energy consumption, improve efficiency and automatic level without
upgrading equipment. Table 5 shows some examples of using optimization algorithms to adjust
different control processes.

Table 5. Some examples of using optimization algorithms to adjust different control processes.

Processes Control Object Algorithms Achievements Reference
. . Reduce SS concentration )
Secondary settler Sludge height Fuzzy algorithm fluctuations [104]
Remove more than 95% of organic
Nutrient removal Nutrient removal Neural networks matters and more than 60% of N [105]
and P
Flows, Water levels, Global optimal Decrease combined sewer
Flows Overflow control overflow volumes at four [106]
overflow sites by more than 85%
. . Model predictive Decreased the integral of absolute
Aeration Dissolved oxygen control error with more than 40% [107]
Aeration Dissolved oxygen Hybrid NMPC Ma1ptam Do level 2 mg/]f, Control [108]
signals are exact and instant
Pollution load and energy
Aeration Dissolved oxygen Genetic algorithm consumption savings can reach up [109]
to 10%
Aeration Dissolved oxygen Fuzzy algorithm Save energy about 10-40% [110]
Aeration Dissolved oxygen Fuzzy algorithm Save about 40% of the energy [111]

There are many kinds of unit-process control, such as dissolved oxygen (DO) control, solids
retention time (SRT) control, return activated sludge flow control, and chemical precipitation
control [112]. The process of aeration consumes the most energy of wastewater treatment, so it
is appropriate to take DO control as an example [109].
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High-intensity aeration is needed to maintain DO at 2—4 mg/L to maintain good microbial activity
and nitrification performance in the activated sludge process. Inadequate DO will lead to the inactivity
of microorganisms and affect the treatment process. However, excessive DO will deteriorate the sludge
quality, makes the denitrification less efficient and leads to waste of energy [113]. DO control is realized
by adjusting the air volume of the centrifuge.

Proportion Integration Differentiation (PID) control, a closed-loop automatic control technology
based on the feedback concept, is the main control method for DO in the past decades. However,
DO control has non-linearity and time-delay, which make traditional PID control is difficult to meet the
increasingly stringent control requirements [108,109]. Some studies show that it is difficult to improve
the accuracy of wastewater treatment processes control by using PI and PID [114].

Advanced control algorithms such as Model Predictive Control (MPC), Neural Network and
Fuzzy Logic have gradually become the mainstream in DO control, and they have achieved some
results in practical applications which are shown in table 5 [108-111]. Fuzzy logic and MPC are the
most commonly used advanced algorithms in DO control. MPC, a class of algorithms that using a
system model to calculate a series of manipulation variables to optimize future behavior, is another
method that can overcome the uncertainty and nonlinearity in this filed [107,113]. However, it is
difficult for MPC to identify many time-varying parameters to establish a reasonable prediction model.
Fuzzy control does not require an accurate mathematical model of the controlled system but can
incorporate fuzzy rules directly into the controllers to guarantee the global stability of the system,
which is a good method for controlling these ill-defined, time-varying and non-linear systems [115,116].
However, the establishment of a fuzzy control rule base is semi-empirical, and there are some difficulties
in practical application [117].

3.2. Measurement and Implementation

The measurement system is mainly composed of sensors and online instruments and is a module for
data measurement and input. The development of sensors, instruments, and communication systems
enables real-time data collection from the entire system [118]. The measurement and implementation
of WWTPs depend on the development of instrumentation, control, and automation (ICA) [119,120].
The purposes of using ICA are to keep treatment systems running efficiently in the presence of large
fluctuations and to achieve the desired performance at an affordable cost. Studies show that the nutrient
removal rate of wastewater can be increased by 10-30% by using ICA technology in WWTPs [121].
With improvement of ICA, smart sensors with multiple detectors and transmission abilities will be
widely used [122]. Sensors and monitoring systems are used to collect and transmit data, provide
early warning and analysis data, and provide information to managers, which helps managers operate,
control and make decisions [123,124].

The implementation system corrects the action of the system according to the process control
algorithm to achieve the desired change when the controller monitors the state of a system. This kind of
execution is usually realized by feedback and feedforward. Ireland’s Ringsend WWTP uses a variable
frequency driver to change the speed of the pump to match the flow conditions, reducing the energy
consumption of the pump by up to 50% [125]. Upgrading of the equipment itself can also bring about a
reduction in energy consumption. It is easy to save more than 35% energy by replacing the traditional
blower technology with the direct drive turbine blower [126]. Wastewater pumps operational life
ranges between 15 and 20 years. However, they are not directly addressed in “Waste electrical and
electronic equipment” Directive (2012/19/EU). Therefore, wastewater pumps have the possibility of
renovation or upgrading. The research of Psomopoulos et al. shows that sewage pump has high
recovery potential, which may bring huge environmental and economic benefits [127]. Therefore,
upgrading the sewage pump can improve energy efficiency without worrying about the disposal of the
equipment. Although the European Commission’s previous standards for wastewater pumps focused
on energy efficiency, many recent studies have focused on reliability and delivery characteristics [128].
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3.3. Control Strategy and Decision-Making

Choosing the appropriate decision-making factors is the premise of formulating control strategies.
Different objectives will lead to completely different optimization results. Sweetapple et al. used
NSGA-II, a multi-objective evolutionary algorithm, to study the potential of control strategy
optimization for the reduction of greenhouse gas (GHG) emissions from wastewater treatment
in a cost-effective manner [129]. They took GHG emissions, effluent quality and operational costs as
trade-off objectives and found that water quality standards and GHG emissions are negatively
correlated, while energy consumption does not have a significant impact on GHG emissions.
Other researchers have used multi-objective optimization methods, such as genetic algorithms
and particle swarm, to draw similar conclusions [130-132]. Flores-Alsina et al. proposed some
suggestions to improve wastewater discharge standards with low greenhouse gas emissions by using
multi-objective optimization [133]. Hreiz et al. used multi-objective optimization techniques to
balance processing costs and efficiency [134]. The wastewater treatment process which has obvious
non-linearity and multi-objective optimization can help to make rational decisions and balance multiple
objectives, such as effluent quality, energy consumption, operation cost, GHG emissions. Therefore,
studying intelligent multi-objective optimization control technology for urban wastewater treatment
is still an important research direction in the current wastewater treatment industry [132,135]. It is
worth noting that policies have direct impacts on the optimization objectives. For the EU, energy
efficiency is not the only focus of attention, according to EU Urban Wastewater Treatment Directive
(91/271) [21,136]. Moreover, tax, cost, environmental impact, and other factors are the goals that need
to be concerned.

Modeling and simulation is a good technique to evaluate the condition of process control in
WWTPs by providing reference data, which can help researchers to facilitate a control strategy
development, make a decision and evaluate performance [137]. Activated Sludge Models (ASMs)
released by International Water Association (IWA), have great significance in process design and
simulation verification, which can show the working mechanism of the treatment process. The ASM1
includes the basic biotransformation processes of an activated sludge WWTP which is used to describe
the denitrification process in a WWTP [138]. BSM1, which includes a simulation model, a control strategy,
evaluation standards, and test procedures, is useful in testing control strategies [103,139]. Many researchers
use the modified model to save energy, reduce cost, and evaluate control strategies [137,140,141].
Jeppsson et al. made an extension of BSM1 to facilitate a control strategy development and performance
evaluation [142]. Kim et al. optimized the modified anaerobic, buffer, intermittently aerated, and oxic
(ABA?) process with linearized ASM2 for saving aeration energy [143].

4. Performance Evaluation of Energy Conservation Technologies and WWTPs

Before introducing the evaluation methods and indicators, we use a table to summarize the
main energy-saving technologies mentioned in this paper. These technologies include green energy
technologies and optimization technologies, it is difficult to evaluate them with a unified indicator,
so we will explain them in the form of cases. Table 6 shows some common energy-saving technologies
and their energy efficiency performance.

Many factors, such as processes, scale, water quality, have a great impact on energy consumption,
which has been explained in Section 1.2.2. This review introduces a variety of energy-saving technologies
from the aspects of energy supply and system optimization in Sections 2 and 3. Therefore, some
indexes and methods are needed to evaluate the application value and comprehensive performance of
these energy conservation technologies.
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Table 6. Energy consumption of WWTPs using common green energy technologies.

Types Technologies Achievements Reference
Solar energy PV power generation Provide 10% energy needs [144]
Heat energy Wastewater source heat pump Electricity equivalent 2.18 kWh/m?3 [144]

Biomass ener Anaerobic digestion Provide 50% energy needs [144]
8y Microbial fuel cell Achieve 0.360 kWh/kg COD [145]
. Pyrolysis Recover 59.2-79.3% sludge energy [146]
Chy 1

emical energy Incineration Provide 20% energy needs [62]
. Fuzzy algorithm Save about 40% of the energy [111]

Algorith
gortthms Model Predictive Control Reduce over 25% in power usage [147]
Eauipment Use the direct drive turbine Save more than 35% energy [125]
quip Use variable frequency driver Reducing energy consumption by up to 50% [126]

q Y & 124 p y up

Control strategy ASM2d model Save 2.2 to 3.3% of energy [148]

4.1. Evaluation Indexes

The appropriate evaluation index can not only evaluate energy the performance of WWTPs
horizontally but also evaluates the differences of processes vertically, which can provide guidance
for technological improvement. Besides, it can help researchers confirm the application value of
energy conservation technologies [149]. The diversity of energy-saving technologies makes some
indexes that can comprehensively compare their differences more valuable. In Section 1.2.1, EI is
used to describe energy performance. Energy consumption per volume of treated wastewater and
energy consumption per unit of pollutant removal are two widely used energy indexes, both of which
have some problems [150]. Energy consumption per unit of pollutant removal needs to consider a
variety of pollutants, which will cause difficulties, while energy consumption per volume of treated
wastewater ignores the difference of wastewater (water quality, scale, process, etc.). This problem
has been described in Section 1.2.1. The premise of using energy consumption per volume of treated
wastewater is that the fluctuation of influent water quantity and water quality (COD, BOD, SS, TN, and
TP, etc.) of sewage treatment plants is relatively small, and the situation of influent water quality and
water quantity of each sewage treatment plant is comparatively close. In general, energy conservation
technology needs to consider energy, feasibility, treatment capacity, economy, environment, policy,
water supply safety, risk, and other factors. This is also the premise of energy-saving applications such
as multi-objective optimization and optimal control.

There are various performance evaluation indexes for WWTPs. Table 7 shows the indexes used by
some researchers. These different indexes with different concerns can show the various situations of
WWTPs. This makes the data on energy performance, application value and popularization potential
of energy-saving technology more reliable.

Table 7. Evaluation indexes adopted by different researchers.

Objectives Indexes Reference

Water quality Total oxygen demand, Oxygen consumption potential, EO index [151]

Energy use per unit emission reduction, Cost per unit emission
reduction, Environmental benefit per unit investment, Ratio of energy
consumption from sewage treatment to national total energy

. . . 152,1
Economy consumption, Ratio of cost of sewage treatment to the Gross Domestic [152,153]
Product, Structural Coordination degree of sewage treatment, and Scale
harmony degree of sewage treatment, Financial payback time
Wastewater recovery & Wastewater Circonomics Index, Waste Production Efficiency Indicator, [154]
utilization Composite Wastewater Reuse indicator, Wastewater recycling indicator N
Energy Material flow, Energy flow, Specific energy consumption, Chemical [155]

energy potential, Biochemical energy potential
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Table 7. Cont.

Objectives Indexes Reference

Risk quotient, Quantitative microbial risk assessment, Changes in

Environment ecosystem distribution, Soil productivity and permeability [156-158]
Water supply safety Probability of a threat,F ?ﬁf;;gﬁﬁii}iﬁnﬁ; rli?(sses, security category, [159]
Treatment capacity Removal efficiency, Toxic Units [160]

Process advancement, Process maturity, Process stability, Construction
Comprehensive indexes costs, Operating costs, Floor area, Operations’ personnel, Facility [161]

operations, Dependence on the downstream environment, Dependence
on the upstream environment

Water treatment energy index (WTEI), Energy consumption, Pollutant

ENERWATER concentration, Flow rate

[162]

However, many researchers pay attention to a unit but do not set indexes from the whole life
cycle, which makes indexes not comprehensive. It is not a good choice, because the indexes have a
great impact on the audit results of WWTDPs [149]. To establish a unified analysis method for energy
consumption in WWTPs, the ENERWATER project was launched in Europe to conduct index studies
on WWTPs. Water treatment energy index (WTEI), a comprehensive index formed by weighting
and a combination of multiple indexes, is used to evaluate the energy efficiency of WWTPs in the
ENERWATER framework [162]. After confirming the type of WWTP, indexes are constructed according
to the data of energy consumption, pollutant concentration, and flow rate.

4.2. Evaluation Methods

Appropriate evaluation methods can help managers to understand the energy utilization of the
entire process through various data of the wastewater treatment plant, and to find opportunities for
energy efficiency optimization. Only when the above objectives are achieved, can the results of energy
research and technical analysis be used to guide technological transformation and engineering practice.
Stefano Longo et al. study three benchmark methods: normative method, statistical method, and
programming method, and conducted energy efficiency evaluation [150].

The Key Performance Indicators (KPIs) method is the most common and simplest evaluation
method. KPIs, the most commonly used evaluation method in WWTPs, is usually expressed as the
ratio of output to input. The KPIs method is simple and easy to implement, but it can only evaluate
specific parts, and it cannot systematically evaluate the status of WWTPs [16,150]. Although the KPIs
can be created by weighting, the complexity of the WWTPs process makes the method unsuitable [162].
Similarly, the KPIs method ignores the differences in WWTPs (location, size, process).

Data Envelopment Analysis (DEA) is a tool using mathematical programming technology for
performance evaluation. It can be used to evaluate energy performance in complex systems such
as wastewater treatment because it can deal with multiple inputs and outputs problems [163-165].
The BCC model and the CCR ratio model are two types of DEA models [166]. The CCR model can
evaluate the overall efficiency of a unit while the BCC model evaluates the pure technical efficiency of
a unit. Guerrini et al. used DEA to study the relationship between sewage characteristics and energy
efficiency [167]. They gave some suggestions for efficient operation.

Statistical methods such as ordinary least squares (OLS) and stochastic frontier analysis (SFA) are
commonly used evaluation methods. These methods are mainly used to explore the influence of factors
on energy efficiency and identify its determinants [162]. These methods regard the difference between
the reference value and the actual value as a measure of efficiency. OLS uses the fitted regression line to
express evaluation efficiency. In the OLS method, all treatment plants with below-average ratings are
considered efficient [168]. SFA, which needs to determine the specific form of the production frontier,
is a method of frontier analysis. Its advantage is to consider the impact of random factors on the results.
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SFA separates inefficient components from incorrect components to make efficiency measurements
more accurate, which is significant in the energy efficiency analysis of wastewater treatment [150].

Life Cycle Assessment (LCA) is an important framework in the evaluation process. LCA involves
the whole process of a product life cycle, including the input of energy and raw materials, the output of
wastewater, waste gas and solid waste, etc. LCA is an important tool for wastewater treatment assessment,
which can be used to evaluate energy utilization and pollutant discharge [169,170]. Santoyo-Castelazo et al.
constructed frameworks including scenario analysis, LCA, life cycle cost calculation, social sustainability
assessment, and multi-criteria decision analysis to assess and identify the most sustainable energy
options, and to develop decision support frameworks for the comprehensive assessment of energy
system sustainability considering environmental, economic and social aspects [171]. Lorenzo-Toja et al.
have proved that the combination of LCA and DEA can be a valuable method for evaluating
performance of WWTPs [172]. Massoud et al. evaluate and select appropriate wastewater treatment
technology with LCA, considering the cost of design, construction, operation, maintenance, repair and
replacement [173].

5. Challenges and Perspectives for Water and Energy Nexus

Besides the energy consumption problem, there are many challenges in the wastewater treatment
industry. Only by finding problems can we solve them better. In the previous section, the application
and evaluation of some energy-saving technologies are introduced, most of which have matured or
developed at a high speed. However, there are still some new directions for energy-saving technology
of wastewater treatment.

5.1. Challenges

However, with the rapid development of wastewater treatment, some problems and challenges
are gradually exposed. These challenges can be roughly divided into cost issues, technology issues,
management issues, and external issues [18,47,174]. These issues are often intertwined with each other.

The expansion of the city and the development of industry make the existing WWTPs and pipe
networks difficult to meet the requirements. In developing countries, the wastewater treatment
capacity cannot fit the wastewater discharge volume. The gaps is still further expanding, which makes
the problem fiercer [173]. Wastewater treatment facilities have a high investment and account for a
large proportion of the national economy. In the 1980s, the investment in wastewater treatment of
China, the United States, Japan, Germany, and France respectively accounted for 0.02-0.034%, 0.80%,
0.75%, 0.88%, and 0.53% of the gross national product (GNP) [175]. Similarly, the operation of WWTPs
requires a lot of money. The cost of construction and operation has become a bottleneck restricting the
development of the wastewater treatment industry [19]. Considering the conflict between the large
gap of wastewater treatment and the high cost of construction, a feasible scheme is to adopt a suitable
wastewater management mode. Distributed wastewater management is an important solution for
developing countries [176]. Some studies have shown that the rational allocation of infrastructure can
minimize costs [177,178]. However, this work needs a lot of data to support. Similarly, wastewater
treatment cost forecasting has important values in reducing costs. Accurate forecasting can help the
government to make reasonable plans [27].

The core of technological challenges is the high energy consumption. To meet the increasing
water quality requirements, municipal WWTPs should increase aeration volume, prolong aeration time
and increase sludge return flow, which leads to the increase of energy consumption. Sludge disposal
and resource utilization have not received enough attention. The vast majority of sludge is simply
landfilled and incinerated, which can also cause serious environmental pollution. At present, less
than 10% of WWTPs in the United States are producing surplus biogas for commercial use [41,47].
Advanced wastewater treatment technologies are not widely used in WWTPs. This may be due to
technical barriers or high upgrade costs. Reducing GHG emissions is also a major technical challenge
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to WWTPs [39,133]. To reduce GHG emissions, monitoring, model, emission reduction technology,
cleaner production, and other technologies need to be paid enough attention [129,132,179,180].

For the wastewater treatment industry, external challenges mainly come from the change of
pollutants. The emergence of new pollutants, such as micro plastics, hormone, and medicine,
has brought external challenges to the wastewater treatment industry [181,182]. Mutiyar believes
that antibiotics as an important water pollutant have not received enough attention in India [183].
Wastewater treatment plants usually do not deal with pollutants occurring in the sub-mg/L, which makes
micro pollutants accumulate in drinking water and pose a threat to human health. Therefore,
the monitoring and treatment of micro pollutants in key water bodies must be paid enough attention,
which is a technical and managerial challenge [184].

5.2. Perspectives

With the rapid development of energy-saving technology in wastewater treatment, many new
technologies have attracted the attention of researchers.

Internet of Things (IoT) is an extension and expansion of the Internet, combining various
information sensing devices with the Internet to form a huge network. It can realize the interconnection
of people, machines and things. Low-cost sensors and low-power wireless telecommunication are the
core of IoT for information acquisition and interaction. Compared with traditional sensors, sensors
of IoT have lower costs and can be installed at higher densities, making it gather more data [102].
Intelligent sensors are installed in different locations of WWTPs to collect data on water quality,
temperature, pressure, water, and chemical leakage, and transmit these data to data center through
the Internet. By using these data, WWTPs can track wastewater flow, monitor wastewater leakage,
monitor bacterial and microbial distribution, and achieve other functions [58]. A Spain WWTP using
IoT has achieved a great performance. The production of sludge dropped by 17% and the use of
chemicals for P removal dropped 14%, while the electricity consumption dropped by 13.5% [185].

In terms of energy recovery of sludge, pretreatment technology has also attracted the attention
of some researchers [57]. Ariunbaatar et al. compared the main pretreatment technologies, such as
mechanical, thermal, chemical and biological methods from the perspectives of efficiency, energy
balance, cost and process sustainability [186]. Pretreatment methods can recover more energy in
AD, reduce the cost of sterilization, and accelerate hydrolysis [187,188]. Through pretreatments,
the concentration and amount of CH; produced by AD have been greatly increased [186,189].
Heat treatment is the most commonly used pretreatment and has been applied in the industry [190,191].
However, pretreatments also require energy consumption and treatment costs, which should be taken
into consideration. Only by utilizing the produced biogas and other products can the technology be
feasible in practice [189].

Compared with a single energy-saving technology, energy self-sufficiency technology has become a
research hotspot and future development direction [45,46]. Energy self-sufficiency is a more systematic
energy-saving framework, including green energy, system optimization, industrial design, and other
aspects. Nowak et al. investigated two WWTPs in Austria and found that nutrient removal and
aerobic sludge digestion can achieve energy self-sufficiency [192]. This is mainly achieved through
the optimization of the control system and the application of green energy. In fact, the two points
described in Sections 2 and 3 are applicable to all WWTPs that want to reduce energy consumption
and achieve energy self-sufficiency [18]. Jenicek et al. maintained that most WWTPs can achieve or
close to self-sufficiency by upgrading energy recovery technologies such as AD [46].

6. Conclusions

Energy consumption is an important problem for WTTPs and related industries. So reducing
energy consumption is the main trend of future development. This review introduces the scheme of
saving energy consumption from three angles. Several examples of energy-self-sufficient WWTPs have
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proved that green energy technologies (especially energy recovery technologies), system optimization
and control technologies, and performance evaluation will benefit energy-saving.

Compared with solar energy, hydropower, and other green energy sources, energy recovery from
sewage sludge has lower cost and better feasibility. System optimization and control can improve the
energy efficiency of wastewater treatment and enhance the level of automation. More attention should
be paid to the control of operation processes because it asks a lower upgrade cost compared with other
energy-saving technologies. The evaluation indexes and methods should be comprehensive and take
the whole life cycle into consideration, such as the ENERWATER framework. The establishment of
the evaluation system is a systematic project that needs collaboration. It still takes time to improve
the system.

Although some challenges, such as cost issues, technology issues, management issues, and
external issues, have temporarily affected the industry, they also point out the direction for future
research. IoT, pretreatment, energy self-sufficiency and other emerging technologies have brought new
solutions to the high energy consumption of wastewater treatment.
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Abbreviations

The following abbreviations are used in this manuscript:

WWTP Wastewater Treatment Plants
WW&S Wastewater and sludge

BOD Biochemical oxygen demand

COD Chemical oxygen demand

SS Suspended solids

EL Energy intensity

SBR Sequencing batch reactor

AQOPs Advanced oxidation processes

WWSHP  Wastewater source heat pump

AD Anaerobic digestion

MEC Microbial fuel cell

PID Proportion integration differentiation
MPC Model Predictive Control

DO Dissolved oxygen

ICA Instrumentation, control and automation
GHG Greenhouse gas

ASM Activated Sludge Model

BSM Benchmark Simulation Model

KPIs Key Performance Indicators

DEA Data Envelopment Analysis

BCC Model introduced by Banker, Charnes and Cooper
CCR Model introduced by Charnes, Cooper and Rhodes
OLS Ordinary Least Aquares

SFA Stochastic Frontier Analysis

LCA Life Cycle Assessment

IoT Internet of Things
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